Abstract-A new wide bandwidth current probe for power applications based on a Hall sensor as well as on a Rogowski coil is presented in this paper. Employing these two sensors allows to eliminate the integrator circuit needed for the Rogowski signal. This paper shows that using a special way to merge the output of the Hall sensor with the Rogowski coil, a current probe can be realized which combines the advantages of both sensors. With this new probe DC currents as well as current transients with di/dt's of several kA/us can be measured.
I. INTRODUCTION
As a result of the ongoing power semiconductor development power devices, like IGBT, allow to switch currents of some thousand amps in less than a microsecond. To keep the induced voltages as low as possible a low-inductance setup and short interconnections between the power elements are needed. A crucial problem is the current measurement in these lowinductance circuits needed for the detection of faults or for feedback control like the monitoring of paralleled IGBT [1] . Therefore a current probe must be small in size and should not influence the power current signal. The probe should be isolated and capable of measuring DC currents of several hundred amps as well as transients in the order of several kA/us. A current probe was developed which satisfies these requirements. It consists of two well known current measuring principles: a Hall sensor for the low frequencies and a Rogowski coil for the high frequencies.
II. THEORY
The main drawback when using a Hall sensor is its inability to measure high frequency current components. Drift and offset compensated Hall sensors such as spinning current sensors, have a low-pass characteristic with a cut-off frequency of some kHz. Hall sensors are used as stand-alone devices as well as in slotted cores [2] as part of a current compensated probe. These probes show a good performance at low frequencies but their main disadvantage appears when measuring higher frequencies where the compensating circuitry has to be as fast as the current to be measured. Rogowski coil current probes are based on Faraday's induction law and can therefore not measure DC currents. According to Faraday's law, the output signal is proportional to the time derivative of the current to be measured. To obtain a signal which is proportional to the monitored current, the output signal of the coil must be integrated. This is a major disadvantage when constructing a Rogowski coil for current measurement [3, 4, 5, 6] .
Up to now the output signals of these two sensors have never been merged. This paper shows that using a special way to merge the output of the Hall sensor with the Rogowski coil, a current probe (Fig. 1) can be realized which combines the advantages of both sensors. 
A. Principle of operation
The output signal of a Hall sensor is proportional to the monitored current while the output signal of a Rogowski coil is proportional to the time derivative of the monitored current. Therefore we can model the Hall sensor as a low-pass and the coil as a differentiator. Fig. 2 shows a manner of merging both signals to get an output signal v(t) which is proportional to i(t) independent of the frequency components of i(t). M is the mutual induction between the primary current and the Rogowski coil. KH and TH are the model parameters of the Hall sensor. KH is the Hall sensor sensitivity which depends on the distance from the copper bar as well as on the supply current. The corner frequency of the evaluation circuit's low-pass is matched to the corner frequency of the Hall sensor ωΗ =1/TH. KS/KH is the sensitivity of the Hall signal path and TH*KS/M is the sensitivity of the coil signal path. Both signals are added to form the output signal v(t) of the probe. KS is the sensitivity factor of the probe and it is considered to be KS=1 V/1000 A in this paper. The transfer function (TF) of the probe (1) is a constant: H(jw)=KS.
We called this principle of low-passing, scaling and adding principle, which shows a proportional TF. It can always be applied if the same source is measurable with sensors having a low-pass and a high-pass or derivative behavior. However, in the case of current measurement, it is not possible to construct a coil which demonstrates only a derivative behavior for all frequencies. A real coil has some resonance frequencies, but as shown later, they may be neglected in some specific cases.
B. Coil
Several coils of different topology have been realized as multi layer PCB's. These low cost coils showed an ideal inductive behavior till frequencies in the range of tens of MHz. Every winding is normal to the flux generated by the central current bar and is connected to the next winding on the outer circumference. Since the flux decreases with 1/r the winding geometry should be highly regular on the inner circumference. The return of the winding is placed in the inner layer as it is usual for Rogowski coils as shown in Fig. 3 . The equation linking the primary current i(t) with the coil's output voltage vemf(t) can be approximated by (3) where Rd represents the load resistance of the following circuit, which should be in the range of some tens of kOhm. A low value of Rd reduces the resonant peak of the coil but at the same time the output signal differs from that of an ideal derivative signal [9] . M is the mutual inductance and its value is about M=12.2 nH for the described coil.
The electrical model of the coil is given by the series connection of Lc, Rc and a voltage source. This branch is in parallel with Cc and Rd [9] . The voltage source is given by v emf (t)=M*di(t)/dt.
C. Hall sensor
Hall sensors can be approximated by a low-pass with a sensitivity of KH and a corner frequency of 1/TH (4). The corner frequency of the sensor depends on the semiconductor material and on the device type: a Hall sensor can have corner frequencies of some hundred kHz or higher while spinning current Hall sensors and sensors with an amplification stage show better temperature and linearity behavior but have a corner frequency of some kHz. For our setup a KSY 44 Hall sensor was used with a cutoff frequency of 1 MHz as advised by the manufacturer. 1 ) (
When using a Hall sensor in a current compensated circuit [2] the effect of stray magnetic fields on the measurement is low because of the magnetic core except when the stray field is strong enough to saturate the core locally. The monitored current can also saturate the core or alter its residual magnetism by a surge current. Since a probe is wanted which is capable to measure up to high frequencies and which will not be damaged by surge currents, the Hall sensor is placed close to the current bar ( Fig. 1) and no core material is used. The drawback of not concentrating the magnetic field through a core is that the sensor is prone to measure stray magnetic fields, especially the ones from the return bar. If the geometry of the magnetic field distribution is known, one or few Hall sensors can be used for an accurate measurement. When the field distribution is unknown, more Hall sensors are needed. The exact number of sensors to be placed around the current bar can be computed by applying Biot-Savart's law.
D. Simulation
The TF of the primary current i(t) to the output voltage v emf (t) of the coil can be approximated by (3) with the specified values of the components. The TF of the Hall sensor is given by (4) with TH=1/(2*pi*1 MHz). The value of KH and M are of no interest in the simulation since they are canceled out in (5). KH, M and KS are of interest when developing the evaluation circuit. They define the amplification value of the active low-pass. When several Hall sensors are used to increase the measurement accuracy and each sensor has a slightly different cutoff frequency, the block diagram of Fig. 2 must be changed to the one of Fig. 4 . Comparing Fig. 2 with Fig. 5 the following changes can be noted:
The low-pass of the evaluation circuit has been moved past the addition block. This is a significant improvement when designing the evaluation circuit but the Hall sensor signal is now also fed through this low-pass.
The corner frequency of the evaluation circuit's lowpass was changed to ωV < ωH .шωV should be about 2 or more decades lower than the one of the Hall sensor so that its influence on the Hall signal can be neglected. The sensitivity of this low-pass is, with TV=1/(2*π*1 kHz) and the above given values, TV*KS/M=13 representing a realizable amplification. The ideal coil has been replaced by a more realistic model where T2=sqrt(Lc*Cc), T1=Cc*Rc+Lc/Rd and T0 =Rc/Rd+1. In this case the principle is not ideal anymore but the TF of the probe will be KS till at least one decade before the resonance frequency of the coil. As long as neither the coil's TF nor the Hall sensor's TF differ from a constant value (in this case below 20 MHz) the TF of the current probe is constant. 
E. Measurement error
The real Rogowski coil shows a second order system behavior. The TF of the probe will not be constant over the whole frequency domain as it is in the ideal case (1). In the following the influence of the resonance frequency of the coil will be analyzed enabling us to predict the theoretical accuracy class of the probe based on a trapezoidal input signal. This signal was chosen since it is a very common current signal in power electronic applications. The accuracy class definition is given by (6) where I FSprobe is the full-scale (FS) value, i output is the value delivered by the probe and itruevalue is the value obtained by a perfect instrument.
The class index is a number representing the accuracy class of an instrument. The definition (6) always refers to the maximal measurable value, the full scale value. Based on (6) we can therefore define a time dependent class index as follows:
The class index of the probe is the maximum of (7) over one period of the current signal Fig. 7 . For frequencies above the cutoff frequency ωV of the lowpass, the TF of the probe can be approximated by (8) . This can be seen when analyzing the Bode plot for higher frequencies: the -20 dB/dec asymptote of the low-pass is compensated by the +20 dB/dec asymptote of the coils derivative behavior. The Hall sensor contribution to the final signal can be neglected for high frequencies.
We can further assume that the coil's undamped natural frequency is higher than the cutoff frequency of the low-pass. This was always the case for all constructed PCB coils. Since we want to use the coil as a derivative element, and not as a current transformer, the load resistor Rd should be chosen to be of some kOhm. Since Rc represents the coils wire resistance, which is in the order of some Ohms, the term T0 is in the following assumed to be T0=1. 
By using the Laplace transforms the response of the system (8) to the ramp r(t)=g*t, with g=di/dt being the slope of the ramp, was computed (10). The probe's output signal will follow the ramp after a delay of 2*d/ωn. To keep this delay as small as possible the damping ratio should be small while the undamped natural frequency should be high.
With d=0.1 and ωn =2*π*36 MHz the delay is below one nanosecond. To reduce the influence of the third term as much as possible, the amplitude of the sine should be made small. This can be accomplished by a high ωn and a small d as well as by reducing the time constant Ta by a high value of ωn and d. This short analysis demonstrates that a coil with a high ωn is always a good choice while d should be kept small. In any case d has to be smaller than 1. Knowing the ramp response of the probe, the absolute measurement error is defined by (11).
Note that the output signal of the probe must be back scaled by the factor 1/Ks. From (8) 
To keep the calculations simple, instead of computing the maximum over one trapezoidal waveform, only the error of a ramp signal has been considered, thus the transition of the signal from the steady state to the slope g. The worst case value for a ramp is given by (13). III. MEASUREMENT In Fig. 7 on the top side the low frequency performance is demonstrated. The output of the HOKA probe is compared against three well known current probes.
On the bottom side the high frequency performance is demonstrated. The measured di/dt is about 2.5 kA/us. In both cases the relative error was computed with (14) choosing one of the standard current sensors as reference. 
